Morus alba L. (mulberry) is one of the most important medicine and food crops in China and other developing countries in Asia due to its large biomass (twigs) and useful by-products. Additionally, its twigs are an excellent green resource for bioactive compounds that are resistant to ultraviolet (UV) radiation and that can whiten skin and scavenge free radicals, and are of potential interest to the cosmetics and health food industries. In this study, we evaluated the ability of Morus alba L. twig hydroethanol extract and isolated compounds to protect DNA against UV damage. Agarose gel electrophoresis showed that a hydroethanol extract and six different polyphenol monomers (oxyresveratrol, resveratrol, mulberroside A, rutin, quercetin, and morin) present in the extract protected pUC19 plasmid DNA from UV damage. The optimal concentrations of polyphenols and Morus alba L. twig extract for DNA protection were 0.500 mg/mL and 1.00 mg/mL, respectively. These compounds may have potential as skin-care products to prevent UV-induced damage to the skin. Additionally, activity contribution degree assessment revealed other Morus alba L. substances possessing significant DNA protection activity that are worthy of further investigation.
Introduction
DNA, the genetic material of all organisms, can undergo irreversible damage due to mutations occurring over time that, if not promptly repaired, can lead to ageing, cancer, and various other diseases. [1] [2] [3] Numerous causes of DNA damage are known, including ultraviolet (UV) radiation, reactive oxygen species (ROS), and hydroxyl radicals ( . OH), all of which can destroy the structure of duplex DNA. [4, 5] UV radiation is among the most harmful exogenous factors for human skin due to its ability to induce free radical/ROS production. [6] [7] [8] Abundant free radicals/ROS in the skin mainly result from solar UV and cause long-term radiation of the skin. [9] Free radicals/ROS cause immense damage to DNA [10, 11] , resulting in various biological effects on the skin, such as generation of the pigment AD cool-headed, skin ageing, skin wrinkling, immune suppression, and even skin cancer [12] , which is a major health hazard worldwide. Protecting DNA from damage caused by free radicals/ROS can prevent skin cancer and other diseases caused by UV exposure.
DNA damage can also be reversed in some cases. [13] [14] [15] [16] In addition to intrinsic damage repair mechanisms, other protection mechanisms may also be operable. For example, DNA damage can be prevented by certain molecules, especially natural antioxidant compounds such as flavonoids, polyphenols, and carotenoids, which exist in fruits, vegetables, and medicinal plants.
antioxidants have been successfully isolated from plants, such as rutin, resveratrol, and various flavonoids. [24, 25] Morus alba L. twigs contain an interesting yet complex mixture of bioactive substances including phenolic compounds, alkaloids, and polysaccharides. Recent discoveries in the field of Morus alba L. phytochemicals revealed that Morus alba L. twig extracts contain polyphenols, which are major effective antioxidants. [26] [27] [28] [29] Meanwhile, monomer polyphenols including oxyresveratrol, resveratrol [30, 31] , mulberroside, rutin [32] , quercetin [33] , and morin, [34] which exist in Morus alba L. twig are more extensive, have high antioxidant activity, and are effective scavengers of free radicals. Six polyphenols, in particular, including rutin, quercetin, and morin, have been isolated and shown to possess high free radical scavenging activity [35] , and resveratrol and rutin can protect against DNA damage. [25, 36, 37] In the present study, we quantitatively evaluated the in vitro DNA protection activity of Morus alba L. twig extract and the six isolated polyphenols (oxyresveratrol, resveratrol, mulberroside A, rutin, quercetin, and morin; Figure 1 ) using Image Lab. Furthermore, we assessed the relative contribution of individual polyphenols using high-pressure liquid chromatography (HPLC), and explored the mechanism by which they protect against UV-induced DNA damage. The findings provide a theoretical basis for the further development and utilisation of Morus alba L. twig.
Materials and methods

Materials and reagents
Plant material
Morus alba L. twigs were provided by the Sericultural Science and Technology Research Institute of Chongqing, China, and they were dried, crushed, and refrigerated for later use.
Reagents
Agarose H, TAE, 6× loading buffer, ampicillin, and rutin (purity 99%) were purchased from Shanghai Sangon Biological Engineering Co. (Shanghai, China). Oxyresveratrol, resveratrol, mulberroside A, and quercetin (purity ≥98%) were obtained from Chengdu Mann Biological Technology Co. (Sichuan, China). Morin (purity >90%) was acquired from TCI (Shanghai, China). The plasmid extraction kit (PD1511) was from Biomiga, Inc (Shanghai, China). K 2 HPO 4 , KH 2 PO 4 , NaCl, methanol, ethanol, tryptone, yeast powder, methanol, and acetonitrile (HPLC grade) were obtained from Chongqing Titanium New Chemical Co. (Chongqing, China)
Experiments and methods
Sample preparation
Morus alba L. twig powder (50 g) was sonicated with 1 L of 75% ethanol for 30 min using a microwave (350 W) at low temperature and low pressure, and then extracted three times, as described in our previous study. [36] Extracts were enriched and filtered under vacuum, concentrated to dryness, and stored at room temperature (RT) in the dark. Concentration gradients were prepared ranging from 0.0313 to 2.00 mg/mL and stored at 4°C for subsequent experiments.
Plasmid DNA extraction Replication and amplification of plasmid DNA were performed in Escherichia coli. Fresh E. coli cultures (100 μL) were added to 200 mL lysogeny broth (LB) containing ampicillin (100 μg/mL) and cultured for 14-16 h at 37°C with shaking at 220 rpm. Cells were collected by centrifugation, and plasmid DNA was extracted using a plasmid DNA extraction kit (PD1511) (Biomiga, Inc. Shanghai, China) and stored at 4°C until needed.
Evaluation of DNA damage protection activity
The ability of compounds to protect pUC19 plasmid DNA against strand breakage was investigated as described previously, [15, 38, 39] with some modifications. Plasmid DNA was oxidised by UV treatment in the presence of polyphenol monomers or Morus alba L. twig extract and monitored by 1% agarose gel electrophoresis. [40] In brief, experiments were performed in a volume of 10 μL in a microfuge tube containing 3 μL pUC19 plasmid DNA (50 ng/μL), 2 μL phosphate buffered potassium (PBP, pH 7.4), and 5 μL of different concentrations of a sample solution (0.0313-2.00 mg/mL). Reactions were initiated by UV irradiation and continued for 30 min using a UV transilluminator (ZF-90, Shanghai Gu Cun Electro-optical Instrument Plant, Shanghai, China) with an intensity of 8000 μW/cm 2 at a wavelength of 310 nm at RT. After irradiation, reaction mixtures (4 μL) were mixed with 6× gel loading dye and separated on a 1% agarose gel. Untreated pUC19 plasmid DNA was used as a control, along with partially treated plasmid. Gels were stained with ethidium bromide and photographed using a gel documentation system (Bio-Rad Laboratories, Inc. USA). [41, 42] Analysis of polyphenol monomers by HPLC Extracts were analysed using HPLC, and polyphenol monomers were detected as described previously [38] using a reversed-phase Inert Sustain C18 column (250 mm x 4.6 mm, 5 μm particle size, SHIMADZU, Tokyo, Japan) with a sample volume of 10 μL and a column temperature of 30°C.
All six polyphenol monomers were isolated using the gradient elution method, and standards were used for five of them (oxyresveratrol, resveratrol, mulberroside A, rutin, and quercetin) via hybrid detection with a mobile phase of acetonitrile (A) and 0.1% phosphate buffer (B). Analysis of the contribution rate of polyphenol monomers A mixture of the six polyphenol monomer standards was prepared that corresponded to the relative amounts in the Morus alba L. twig extract, and the ability of this mixture to protect against UVinduced DNA damage was compared with that of the Morus alba L. twig extract.
Statistic and analysis
All assays were carried out in triplicate for all the experiments. The results are expressed as mean and standard deviation values (mean ± S.D.). All values obtained were compared using analysis of variance (ANOVA), and differences at p < 0.01 were considered statistically significant, which were analysed with SPSS (version 17.0). The DNA bands were analysed with Image Lab 3.0 (BioRad Laboratories, Inc. USA).
Results
DNA damage protection potential
Plasmid DNA assumed an annular helical structure (supercoiled DNA, ScDNA) ( Fig. 2 ; ScDNA), but following UV treatment it fractured in multiple places, resulting in molecular rotation and elimination of tension to form open circular DNA (OcDNA) and linear DNA (LnDNA) ( Fig. 2 ; OcDNA, LnDNA). During the extraction process, it could presumably induce similar damage to OcDNA under anthropogenic factors. As can be seen in Fig. 2 , untreated pUC19 DNA ran as two bands (ScDNA and OcDNA) on the agarose gel. However, it was damaged differently from LnDNA, which ran between OcDNA and ScDNA after exposure to UV irradiation. The six polyphenol monomers were tested for their ability to protect pUC19 plasmid DNA against UV-induced damage at various concentrations (0.0313-2.00 mg/mL). The results are shown in Fig. 2 . At different concentrations, the degree of protection of polyphenol monomers on ScDNA differed. Polyphenol monomers had no evident effect on protecting plasmid DNA at lower concentrations, and most of the ScDNA was damaged similar to that of LnDNA. Concentrations of polyphenols between 0.125 and 1.00 mg/mL protected against DNA damage to varying degrees. At a concentration of 0.125 mg/mL, oxyresveratrol, resveratrol, and rutin exerted an obvious protective effect, and the capacity was ordered oxyresveratrol ≥resveratrol >rutin. However, compared with oxyresveratrol, resveratrol, and rutin, the ability of mulberroside A, morin, and quercetin to protect DNA was weaker. A concentration of polyphenols between 0.250 and 0.500 mg/mL protected against DNA damage; the effect increased with increasing concentration, and less of the ScDNA was damaged compared with OcDNA. A concentration of polyphenols between 0.500 and 1.00 mg/mL showed maximum ability to protect DNA.
To further analyse their ability to protect ScDNA, equivalent amounts of ScDNA were incubated with the polyphenols, exposed to UV, and analysed with Image Lab. The protection rate (%) was obtained using the following formula: ScDNA strip percentage of treatment/ScDNA strip percentage of solvent control) × 100. The results revealed that the optimum concentration of polyphenols for protecting ScDNA was 0.500 mg/mL in all cases (Fig. 3) . The protection rates of polyphenols were ordered morin (97.60%) >mulberroside A (97.54%) >oxyresveratrol (96.22%) >quercetin (93.51%) >rutin (93.34%) >resveratrol (91.91%).
Further analysis of the activity of each polyphenol at different concentrations was performed using OcDNA protection assays (Fig. 4) . The results showed that UV irradiation did not induce obvious damage to OcDNA when polyphenols were present compared with solvent controls, but ScDNA was clearly damaged to some degree. When the concentration was lower than 0.500 mg/ mL, breaking of the superhelical structure of ScDNA was apparent, resulting in the appearance of LnDNA and an increase in OcDNA, consistent with the research of Jeong et al., [43] who studied the effects of extracts from pine needles against oxidative DNA damage by hydroxyl radicals. Meanwhile, at the optimal concentration of polyphenol monomers, the amount of OcDNA was lower than that in the solvent treatment, but greater than that in the solvent control. Therefore, it could be concluded that the ability of polyphenol monomers to protect ScDNA gradually enhanced with increasing concentration. 
Analysis of the polyphenol monomer content in
Analysis of polyphenol monomer contributions
The contribution of the six polyphenol monomers in the Morus alba L. twig extract on protection against DNA damage is shown in Figs. 6-8 . Morus alba L. twig extract did not exert a significant protective effect on ScDNA at low concentrations, and most of the ScDNA was damaged, as evidenced by the presence of LnDNA and OcDNA forms. At the maximum concentration of 1.00 mg/mL, protection of ScDNA was evident, but from the position of DNA bands in Fig. 6 , it can be concluded that ScDNA and OcDNA were mixed together, with no clear boundaries between them; hence, Image Lab software could not be used for analysis. The ability of the mixture of the six polyphenol monomers to protect ScDNA was gradually enhanced as the concentration was increased from 0.500 mg/mL to 1.00 mg/mL, but most ScDNA was damaged even at the highest concentration.
As can be seen from the results presented above, the optimal concentration of Morus alba L. twig extract for protecting against DNA damage was 1.00 mg/mL (in the measured concentration range). Additionally, as is evident in Figs. 7 and 8, UV irradiation did not obviously damage OcDNA, but damage to ScDNA was significant. The results also indicate that other substances in Morus alba L. twig extract in addition to the polyphenol monomers also protect against UV-induced DNA damage. We intend to determine the nature of these compounds in a future work. 
Discussion
It is known that UV irradiation for a long time can cause large amounts of DNA damage in the body, leading to gene coding and protein expression errors and metabolic disorders that cause pathological outcomes such as cancer. There are two main forms of DNA damage caused by UV. In the first one, DNA can directly absorb energy from UV irradiation that, if it exceeds the capacity of DNA, can result in the dimerisation of two adjacent pyrimidine bases and destroy the original native DNA structure; in the other type, free radicals/ROS such as hydroxyl free radicals, superoxide anions, oxygen free radicals, and their active precursor singlet oxygen, hydrogen peroxide and ozone, which are generated during oxidative respiration and exposure to UV irradiation, are strongly oxidising and can attack the DNA skeleton on the DNA of deoxyribose by generating substrate free radicals or hydrogenation reaction, and the secondary reaction of free radicals can cause serious damage to the structure of DNA. [6] [7] [8] 31, 43] Sunlight can produce a strong UV radiation, and it can be difficult for humans to avoid UV radiation, especially for people who work outdoors for extended periods, and consequently the DNA in their skin is under threat from UV-induced damage. Some of the sunscreen products contain chemical compounds that can cause skin allergies and other adverse reactions, and prolonged usage can lead to skin diseases. Therefore, the search for and development of natural products for DNA protection is of medical significance. Oxyresveratrol, resveratrol, mulberroside A, rutin, quercetin, morin, and other compounds are natural polyphenols present in Chinese herbs, fruits, and vegetables that have a strong ability to scavenge free radicals. [34, 35] Our current results showed that the active substances and Morus alba L. twig extract display good protection against DNA damage, which might be attributed to their strong free radical scavenging activity. These compounds belong to flavonoids (rutin, quercetin, morin) and stilbenes (oxyresveratrol, resveratrol, mulberroside A). The structure of these three stilbene compounds is very similar, and their activity is also similar. Some studies have indicated that the protective effect of oxyresveratrol prevents riboflavin photosensitive oxygen free radical-induced DNA damage via antioxidant activity [44] , and the DNA protective activity is greater than that of the well-known antioxidants trolox and ascorbic acid. Studies by Hu et al. [45] showed that oxyresveratrol can inhibit the production of ROS and 8-hydroxy-2ʹ-deoxyguanosine (8-OHdG) in skin cells by UV irradiation or hydrogen peroxide treatment. It also indicated that oxyresveratrol can enhance the repair ability of 8-OHdG and cyclobutane pyrimidine dimers, increase the expression of the p53 gene to protect the integrity of human epidermal cell DNA, and reduce the occurrence of cancer. Meanwhile, some studies showed that resveratrol can inhibit hydrogen peroxide-induced oxidative DNA damage in human lymphocytes. [46] Burkhardt et al. [47] and López-Burillo et al. [48] reported that resveratrol could inhibit DNA damage in a concentration-dependent manner by reducing the content of 8-OHdG in calf thymus to reduce the incidence rate of cancer. Our current results also showed that these three stilbene compounds have strong DNA protection activity. Therefore, it can be speculated that they could be used in skincare products to prevent skin cancer. Meanwhile, other studies also showed that quercetin and rutin can inhibit hydrogen peroxide-induced DNA damage in Caco-2 and Hep G2 cells through antioxidation and free radical scavenging activities, and there was no significant adverse effect on Caco-2 and Hep G2 cell activities. [49, 50] Moreover, other researchers have reported that these compounds and Morus alba L. twig extract possess strong free radical scavenging and antioxidant activities [34, 35] due to their phenolic hydroxyl groups that are susceptible to oxidation. Thus, we can conclude that several polyphenols protect against UV irradiation and hydrogen peroxide-induced DNA damage mainly through their antioxidant and free radical scavenging activities. In our experiments, we found that all of these compounds share a characteristic absorbance in the UV-Vis spectrum. Several studies have demonstrated that vitamin C (Vc) can protect DNA from damage induced by UV irradiation by scavenging hydroxyl free radicals and absorbing the energy associated with UV light. [51] Therefore, the mechanism through which Morus alba L. twig polyphenols protected plasmid DNA against UV radiation in the present work may also involve antioxidant and free radical scavenging activities as well as absorbing the energy from UV radiation. [52] Furthermore, resveratrol can also help repair UV-induced DNA damage by up-regulating inducible Nitric Oxide Synthase (iNOS) gene expression and stimulating the secretion of NO in skin cutin cells and other cells. [37, 53] Thus, oxyresveratrol, mulberroside A, rutin, quercetin, and morin in Morus alba L. twig extract, especially oxyresveratrol and mulberroside A, which are derivatives of resveratrol with similar structures and biological activities, may also possess DNA repair activity. This is certainly worthy of further investigation, as are the specific structures and the mechanism of these polyphenols.
Conclusion
These results revealed that Morus alba L. twig extract and the polyphenol monomer secondary metabolites within it possess potent DNA protection activity. These compounds are potentially useful for natural skin-care products to prevent UV-induced skin damage. They may also be useful as natural food additives and in health-care products to prevent diseases caused by . OH/ROS and other radicals. Furthermore, other substances in Morus alba L. twig extract also possess DNA protection activity and are worthy of further study. 
